Frequency Control of Wind and PV Based Isolated Microgrid by Kafle, Lekhnath
South Dakota State University
Open PRAIRIE: Open Public Research Access Institutional
Repository and Information Exchange
Theses and Dissertations
2016
Frequency Control of Wind and PV Based Isolated
Microgrid
Lekhnath Kafle
South Dakota State University
Follow this and additional works at: http://openprairie.sdstate.edu/etd
Part of the Power and Energy Commons
This Thesis - Open Access is brought to you for free and open access by Open PRAIRIE: Open Public Research Access Institutional Repository and
Information Exchange. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of Open PRAIRIE: Open Public
Research Access Institutional Repository and Information Exchange. For more information, please contact michael.biondo@sdstate.edu.
Recommended Citation
Kafle, Lekhnath, "Frequency Control of Wind and PV Based Isolated Microgrid" (2016). Theses and Dissertations. 1065.
http://openprairie.sdstate.edu/etd/1065
BY
LEKHNATH KAFLE
A thesis submitted in partial fulfillment of the requirements for the
Master of Science
Major in Electrical Engineering
South Dakota State University
2016
FREQUENCY CONTROL OF WIND AND PV BASED ISOLATED MICROGRID

iii
ACKNOWLEDGEMENTS
First, I would like to express my sincere gratitude to my advisor, Dr. Zhen Ni for his
continuous support and invaluable guidance during my research work. His guidance and
encouragement helped me overcome many difficult situations and complete this research
work within the limited frame of time. His suggestions and valuable instructions always
played an important role to enhance my capacity to analyze and solve the problems.
Besides my advisor, I would like to thank Dr. Reinaldo Tonkoski for providing me
valuable suggestions during a difficult situation in different stages of my research work
and also Dr. Timothy M. Hansen for his remarkable suggestions during my research
presentations. I would like to appreciate Dr. Qiquan Qiao for being a graduate committee
member and reviewing my work. My sincere appreciation is extended to Dr. Patty Hacker
for providing her valuable time for reviewing my work as a graduate faculty
representative.
I am also thankful to my colleagues, Ujjwol, Shiva, Surendra, Naresh, Venkat and
many others for their support during two years period in South Dakota State University.
Their support and care helped me to overcome difficult situations and stay focus on my
study and research work.
Finally, I am especially grateful to my parents Santosh Kafle and Sita Kafle; brother
Govinda Kafle who have always been a great source of inspiration and encouragement for
my higher study. Also, I would like to express my gratitude to my fiance Prativa Aryal for
providing continuous support and encouragement. This accomplishment would not have
been possible without their support and motivation.
iv
CONTENTS
ABBREVIATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x
LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi
ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xii
CHAPTER 1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Literature Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.4 Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.5 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
CHAPTER 2 RENEWABLE ENERGY SOURCES AND THEIR MODELLING . 7
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Wind Generation System . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2.1 Modeling of Wind System . . . . . . . . . . . . . . . . . . . . . . 10
2.2.2 Validation of Wind Model . . . . . . . . . . . . . . . . . . . . . . 13
2.3 PV Generation System . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3.1 Modeling of PV System . . . . . . . . . . . . . . . . . . . . . . . 18
2.3.2 Validation of PV Model . . . . . . . . . . . . . . . . . . . . . . . . 20
v
2.4 Integration of Wind and PV system . . . . . . . . . . . . . . . . . . . . . . 21
2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
CHAPTER 3 MODELLING AND CONTROL OF THREE PHASE VOLTAGE
SOURCE INVERTER . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2 Three Phase Voltage Source Inverter . . . . . . . . . . . . . . . . . . . . . 25
3.3 Three Phase Transformation Theory . . . . . . . . . . . . . . . . . . . . . 32
3.4 Droop Control Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.5 Design of Three-phase Voltage Source Inverter . . . . . . . . . . . . . . . 45
3.6 Validation of Designed Control System with RL Load . . . . . . . . . . . . 56
3.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
CHAPTER 4 SYSTEM MODEL WITH RENEWABLE ENERGY SOURCES . . . 60
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.2 Frequency Control Approach . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.3 System Model with Single Battery . . . . . . . . . . . . . . . . . . . . . . 61
4.3.1 Case I: Constant Renewable Power Generation . . . . . . . . . . . 62
4.3.2 Case II: Variable Renewable Power Generation . . . . . . . . . . . 64
4.4 System Model with Batteries in Each Renewable Generation . . . . . . . . 68
4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
CHAPTER 5 CONCLUSIONS AND FUTURE WORKS . . . . . . . . . . . . . . 73
5.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
vi
5.2 Future Works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
vii
ABBREVIATIONS
AC Alternating Current
BJTs Bipolar Junction Transistors
CCM Current Control Mode
CSI Current Source Inverters
DC Direct Current
DER Distributed Energy Resources
dq Direct and Quadrature
IGBTs Insulated Gate Bipolar Transistors
MOSFETs Metal-Oxide Semiconductor Field Effect Transistor
MPPT Maximum Power Point Tracking
PI Proportional Integral
PLL Phase Locked Loop
PR Proportional Resonant
PV Photovoltaic
PWM Pulse Width Modulated
RH Routh-Hurwitz
RMS Root Mean Square
SITs Static Induction Transistors
TSR Tip Speed Ratio
VCM Voltage Control Mode
VSI Voltage Source Inverter
viii
LIST OF FIGURES
Figure 2.1. The relation between power coefficient and tip speed ratio. . . . . . . . 9
Figure 2.2. Wind energy conversion system. . . . . . . . . . . . . . . . . . . . . . 10
Figure 2.3. General block diagram of wind model as a current source for phase a. . 11
Figure 2.4. Detail diagram of wind model as a current source for phase a. . . . . . 11
Figure 2.5. MATLAB/Simulink implementation of wind generation model. . . . . 12
Figure 2.6. Details of single phase current injection block for phase a. . . . . . . . 12
Figure 2.7. Wind power curve. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
Figure 2.8. Wind power variation with change in wind speed. . . . . . . . . . . . . 15
Figure 2.9. Photovoltaic energy conversion system. . . . . . . . . . . . . . . . . . 16
Figure 2.10. IV curve of a PV module at different irradiance level [23]. . . . . . . . 16
Figure 2.11. Power curve of a PV module [25]. . . . . . . . . . . . . . . . . . . . . 17
Figure 2.12. General block diagram of PV model as a current source for phase a. . . 18
Figure 2.13. Detail diagram of PV model as a current source for phase a. . . . . . . 18
Figure 2.14. MATLAB/Simulink implementation of PV generation model. . . . . . 19
Figure 2.15. Details of single phase current injection block for phase a. . . . . . . . 20
Figure 2.16. PV power variation with change in solar irradiance. . . . . . . . . . . . 21
Figure 2.17. MATLAB/Simulink implementation of Wind and PV system in grid
connected mode. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
Figure 2.18. Output power from renewable sources and grid. . . . . . . . . . . . . . 23
Figure 2.19. System frequency in grid connected mode. . . . . . . . . . . . . . . . 23
ix
Figure 3.1. Single phase sine wave modulation and output voltage of the inverter
with its fundamental component [27] . . . . . . . . . . . . . . . . . . 27
Figure 3.2. Single phase pulse width modulated inverter. . . . . . . . . . . . . . . 28
Figure 3.3. The ratio of inverter output voltage to input DC voltage as a function
of amplitude modulation ratio. . . . . . . . . . . . . . . . . . . . . . . 29
Figure 3.4. Three phase pulse width modulated inverter. . . . . . . . . . . . . . . 30
Figure 3.5. Three phase inverter waveforms. . . . . . . . . . . . . . . . . . . . . . 31
Figure 3.6. Stationary/Clarke’s transformation representation. . . . . . . . . . . . 33
Figure 3.7. Rotating/Park’s transformation representation. . . . . . . . . . . . . . 35
Figure 3.8. A voltage source inverter connected to an AC bus. . . . . . . . . . . . 38
Figure 3.9. Droop lines for active and reactive power. . . . . . . . . . . . . . . . . 40
Figure 3.10. Droop curves for inverter 1 and inverter 2. . . . . . . . . . . . . . . . . 43
Figure 3.11. Droop controller block diagram. . . . . . . . . . . . . . . . . . . . . . 44
Figure 3.12. Reference voltage generation block diagram. . . . . . . . . . . . . . . 46
Figure 3.13. Power circuit and control block diagram of VSI with droop control [35]. 47
Figure 3.14. LC filter circuit. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
Figure 3.15. Inner current control loop. . . . . . . . . . . . . . . . . . . . . . . . . 49
Figure 3.16. Frequency response of inner current control loop. . . . . . . . . . . . . 51
Figure 3.17. Outer voltage control loop. . . . . . . . . . . . . . . . . . . . . . . . . 51
Figure 3.18. Root locus plot. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
Figure 3.19. Frequency response for low pass filter. . . . . . . . . . . . . . . . . . 56
Figure 3.20. Control block diagram with RL load. . . . . . . . . . . . . . . . . . . 56
Figure 3.21. Vαβ tracking waveforms. . . . . . . . . . . . . . . . . . . . . . . . . . 57
x
Figure 3.22. Iαβ tracking waveforms. . . . . . . . . . . . . . . . . . . . . . . . . . 58
Figure 3.23. Controlled active and reactive power from the inverter. . . . . . . . . . 58
Figure 4.1. System model with renewable energy sources. . . . . . . . . . . . . . 61
Figure 4.2. Rated constant output power from renewable sources and correspond-
ing battery output. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
Figure 4.3. Controlled current output from VSI in constant renewable power gen-
eration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
Figure 4.4. System frequency in constant power generation. . . . . . . . . . . . . 64
Figure 4.5. Variable power from renewable sources and corresponding battery out-
put. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
Figure 4.6. Controlled current output from VSI in variable renewable power gen-
eration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
Figure 4.7. Controlled current output from VSI in variable renewable power gen-
eration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
Figure 4.8. System model based on distributed (PV+ESS) and (WTG+EES) gen-
eration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
Figure 4.9. Total load and constant output power from renewable sources. . . . . . 69
Figure 4.10. Active power shared by two loads. . . . . . . . . . . . . . . . . . . . . 70
Figure 4.11. Output current from two different inverters. . . . . . . . . . . . . . . . 71
Figure 4.12. System frequency during load sharing condition. . . . . . . . . . . . . 71
xi
LIST OF TABLES
Table 2.1. Wind power curve data . . . . . . . . . . . . . . . . . . . . . . . . . . 14
xii
ABSTRACT
FREQUENCY CONTROL OF WIND AND PV BASED ISOLATED MICROGRID
LEKHNATH KAFLE
2016
The wind and solar PV based isolated microgrid can be economical and reliable for
the remote area where the grid is not available. The frequency and voltage fluctuation are
major problems in such remote microgrid due to intermittent nature of renewable
resources like wind and solar PV. The frequency fluctuation should remain within
acceptable limits for stable operation of the remote microgrid. This thesis work focuses on
frequency control of wind and photovoltaic (PV) based isolated micro-grid using
traditional droop control technique. The battery system acts as a master unit which is
responsible for setting up the common AC bus voltage and frequency. The proportional-
resonant (PR) voltage and current controllers are designed to control the current and
voltage output of the voltage source inverter (VSI) connected with the DC battery. The
better control performance can be obtained by using PR controller which easily tracks
reference signal and eliminates steady state error in resonant frequency. The traditional
droop control method is applied to generate voltage and the frequency reference set points
for the VSI controller to control frequency of the AC micro-grid. The detailed analysis of
the frequency control is performed by conducting two different case studies and load
sharing between inverters is also presented to observe power shared by different inverters
in isolated microgrid. In all the cases, system frequency is maintained within the
acceptable range for the stable operation of wind and solar PV based isolated microgrid.
1
CHAPTER 1 INTRODUCTION
1.1 Background
The biggest two challenges that the world facing today are climate change and
management of diminishing fossil fuel reserves. In order to secure future for ourselves
and next generation to come, energy consumption should be reduced and greenhouse
gasses should be substantially reduced. Renewable energy is a crucial part of reducing
global carbon emissions and the pace of investment has drastically increased as the cost of
technologies drop and efficiency continuous to increase. The centralized power
generations systems have several drawbacks: First, most of the power generation plants
depend on fossil fuel, which increases CO2 emission and rejected heat is wasted; second,
delivery of a large amount of power using transformers and long transmission and
distribution lines; third, power losses and voltage drop are major problems due to long
transmission lines and transformers; fourth, it does not provide an economically feasible
solution to supply power to poor and isolated communities. The renewable energy
technology such as the wind and solar PV generation reduce our reliance on fossil fuel
and also provide much lower environmental impact compared to conventional energy
technology. A microgrid is a localized grid which consists of renewable based distributed
generation units, energy storage systems, and local loads. A microgrid has many
advantages, such as increased reliability, more controllability, and better power quality. A
microgrid can be categorized into grid-interconnected microgrid and isolated microgrid.
Since the grid-interconnected microgrid is operated in connection with a rugged electric
power grid, there is a little concern over maintaining frequency fluctuation within
2
desirable limits. Thus,main concern in grid interconnected microgrid is electric power
transaction and revenue maximization as well as management of microgrid from the
economical point of view. In contrast, maintenance of voltage and frequency fluctuation
are the major problems in an isolated microgrid as it is not connected to the large-scale
electric grid.
More than 20% of the world population still has no access to electricity. The
isolated microgrid can be the best option to supply power to remote places, where the grid
is not available [1]. In the present scenario, the power demand of such remote villages is
mostly fulfilled by the diesel generator. However, the diesel generator is not the best
solution for such places due to high operating cost, environmental pollution, and
transportation cost of fuel [2]. The combination of the wind and solar PV generation
becomes an attractive solution in such a remote area. The variable nature of the wind and
solar PV resources can be partially overcome by a combination of two resources into an
optimal combination and so the system becomes more reliable compared with the system
having individual renewable resources. Furthermore, the integration of these two
resources becomes an attractive solution to run and provide better reliability because the
weakness of one system can be compensated by the strength of the other one at any time
[3]. Storage cost is also the major economical issue for an isolated microgrid. The hybrid
wind and solar PV generation can minimize storage capacity of the battery and ultimately
reduce the overall cost of the system [4]. However, in the isolated microgrid , power
generation does not match with power consumption, mainly due to the load profile and
intermittent nature of renewable energy resources such as the wind and solar PV. As the
wind and solar PV generation depend highly on weather conditions like wind speed and
3
intensity of light, the output power from those resources are fluctuating in nature [5]. The
imbalance between generation and consumption causes high fluctuation in system
frequency that may affect the stable operation of isolated microgrid. If the wind and solar
PV are used to supply power to the isolated microgrid, an energy storage system becomes
crucial to guarantee a continuous supply of power. The size of the energy storage system
depends on the intermittent level of wind or solar PV. As the renewable energy resources
act as current sources in the isolated microgrid feeding directly to the load, the battery
must act as a voltage source to control the AC bus voltage by charging and discharging
[4]. That means the battery control system should be responsible for controlling the active
and reactive power flow in the renewable based remote isolated microgrid and that can be
achieved by regulating the magnitude and frequency of the load voltage. The real and
reactive power output of the inverter can be controlled by controlling power angle and
voltage magnitude of the inverter [6].
1.2 Literature Review
The objective of the microgrid is to obtain accurate load sharing while providing
good regulation of the voltage and frequency and maintaining system stability [7]. A
microgrid can be operated in grid-connected and isolated mode. In grid-connected mode,
utility grid supports the voltage and frequency of the microgrid [8]. Since the isolated
microgrid does not have external voltage and frequency reference [9], distributed energy
resources (DERs) can be used to control the voltage and frequency of the microgrid,
because these variables are not further supported by the utility grid. A droop control
technique was proposed in [10] which emulates the behavior of the synchronous generator
4
and is able to provide frequency and voltage reference set points for each inverter
connected DERs. Droop control is a collaborative control used for share active and
reactive power between voltage source inverter (VSI) without the need of a
communication system. An ideal droop control should guarantee fast and accurate power
sharing without affecting voltage and frequency at the point of common coupling. The
conventional droop controller can be operated effectively in the medium voltage networks,
where lines have mainly inductive behavior. Thus, this controller cannot be directly
implemented to low voltage microgrid [11]. In order to solve this issue, the virtual
impedance can be applied to link the voltage VSIs to the AC bus [12]. Therefore, accurate
power sharing can be achieved due to the inductive line impedance. Although this method
is highly reliable and flexible, power sharing is obtained through voltage and frequency
deviation of the microgrid system [13]. This method also has several other drawbacks
such as slow transient response, unbalanced current sharing and high dependency on the
inverter output impedance [14]. The external secondary control loop can be implemented
in the central controller of the microgrid to restore the nominal frequency and nominal
voltage magnitude [15]. A droop control is applied to a stand-alone multi-converter based
power system in [16], and synchronous frame PI controller with voltage feed forward are
generally used in three-phase voltage source converters controllers. Moreover, dq control
structure is normally associated with proportional-integral (PI) controllers because of their
good behavior in controlling dc variable [17]. However, synchronous frame PI control
needs multiple frame transformation which increases the computational burden and the
complexity of the control system. Whereas, better control performance can be obtained by
using proportional-resonant (PR) controller, which easily tracks reference signals and
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eliminates steady-state error in resonant frequency [18]. The design guidelines for PR
controller based inner current/voltage loop is presented in [19] for accurate power sharing
of the inverters dominated microgrid. This technique can be applied for the wind and solar
PV based isolated microgrid with the aid of a battery as a regulating unit to control system
voltage and system frequency.
1.3 Motivation
Since the frequency stability problem occurs due to the intermittent nature of
renewable energy sources, frequency control is not straightforward in the isolated
microgrid. However, in the grid connected mode, frequency of the microgrid closely
linked to the external grid. Therefore, it is not necessary to regulate the distributed
generators for the frequency control. The combination of the wind and solar PV
generation is more economical and provide better reliability compared to the individual
renewable generation. As the input parameters to the wind and PV generation mainly
depend on the weather condition, the output power from these sources is highly variable.
Variable generated power ultimately results frequency variation which is the major issue
in such wind and PV based isolated microgrids. The frequency needs to be within
acceptable range for the stable operation of such microgrid. The frequency needs to be
controlled with the help of an energy storage system that can smooth out the power
fluctuation and guarantee a continuous supply of power to the load. The voltage and
frequency control can be achieved with the help of the VSI. The proper control system
also need to be designed to perform load sharing between two parallel inverters connected
to the storage system of each renewable generations.
6
1.4 Objective
The main aim of this thesis is to study and analyze the frequency control of the wind
and solar PV based isolated microgrid system. The first task of this work is to be familiar
with the wind and solar PV generation systems and emulate them as controlled current
sources. The second task is to design and validate the PR controller based control
mechanism for a voltage source inverter to regulate the active and reactive power output
from the inverter. The third task is to develop an isolated microgrid and study the
frequency control technique. The last task is also to analyse frequency control by
performing load sharing between two three-phase voltage source inverters.
1.5 Outline
The rest of the thesis is organized as follows: Chapter 2 introduces the wind and PV
generation systems and their modelling. Chapter 3 presents the detail design and analysis
of the voltage source inverter. The droop control loop is also designed in this chapter to
generate reference signal for the inverter controller. Chapter 4 provides overview of wind
and solar PV based isolated microgrid and simulation results of frequency control
approach. Finally, chapter 5 presents the conclusions and possible future work of this
work.
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CHAPTER 2 RENEWABLE ENERGY SOURCES AND THEIR MODELLING
2.1 Introduction
This chapter presents an overview of renewable energy sources and their modeling.
Each renewable energy source will be developed after validating its design in
MATLAB/Simulink. These energy resources will be modeled as three phase control
current sources. Then, these intermittent renewable sources will be connected to the grid
to prove the frequency fluctuation is not a problem in grid connected microgrid. Finally,
this chapter concludes the importance of voltage and frequency control for stable
operation of isolated microgrid.
2.2 Wind Generation System
In the wind generation system, the kinetic energy of large masses of air moving over
the earth’s surface is converted into mechanical energy with the help of a wind turbine.
The kinetic energy received by blades is utilized to rotate the wind turbine. The generator,
which is coupled with the turbine directly or indirectly through a gearbox, also rotates in
the same direction. As a result, the generator produces electricity based on Faraday’s law.
The overall concept behind this is that the kinetic energy is converted into mechanical
energy and mechanical energy is finally converted into electrical energy. The kinetic
energy (E) of a stream of air with mass (m) and velocity(v) is given by
E =
1
2
mv2 (2.1)
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the mass (m) of air with velocity (v) passes through a given area (A) during a time period
(t) is given as
m = ρAvt (2.2)
where ρ is the air density. Now, energy per unit time (pav) in the wind stream available
for the rotor can be obtained from equations 3.51 and 3.57 as
Pav =
1
2
ρAv3 (2.3)
The above equation 2.4 represents the theoretical power available in the wind stream. The
actual power extracted (pm) by a wind turbine depends on its design and the structure.
Thus, power coefficient (Cp) of the rotor determines the wind turbine efficiency,
which is the ratio of actual power developed by the rotor to the theoretical power available
in wind. Which is given as
Cp =
Pm
Pav
(2.4)
Therefore, mechanical power of the wind turbine can be expressed as
Pm =
1
2
ρACpv3 (2.5)
According to the Betz law, no turbine can capture more than 59.3% of the kinetic energy
in wind. .The (Cp) for a particular turbine varies with operating conditions such as wind
speed, turbine blade angle, turbine rotational speed, and other parameters. (Cp) is the
function of tip speed ratio (λ ) and pitch angle (β ). Tip speed ratio (TSR) (λ ) is the ratio
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of linear speed of the tips of turbine blades to the speed of the wind, which is given as
λ =
ωmr
v
(2.6)
TSR is very important factor in the design of wind turbine generators. If the rotor of
the wind turbine rotates very slowly, most of the wind remains undisturbed and passes
through the gap between the rotor blades. On the other hand, if it rotates too quickly, the
rotor swept area acts as a barrier and deflects the wind. Therefore, a wind turbine is
designed with optimal TPR to extract maximum power out of the wind as possible.
Whereas, pitch angle (β ) is the turning angle of the blades of the turbine to control
the generated power by adjusting rotation speed of turbine. When (β ) is equal zero, (Cp)
is only function of (λ ) [20]. The relationship between (Cp) and (λ ) when (β ) is equal to
zero degree is shown in below figure 2.1 [20]. It can be seen that the optimum value of Cp
Figure 2.1. The relation between power coefficient and tip speed ratio.
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is about 0.48 for λ equal 8.1. Maximum output power can be extracted from the wind
turbine when the turbine operate at a maximum value of Cp. Therefore, it is important to
adjust rotor speed at an optimum value of TSR with wind speed variation.
The schematic diagram of the variable speed wind energy conversion system based
on a synchronous generator is shown in Figure 2.2 [21]. This system can be connected to
the AC bus through power conversion system. The rectifier is used to convert the AC
voltage from the generator to a DC voltage. Furthermore, a three phase inverter is used to
convert the DC link voltage to a sinusoidal voltage with desired frequency and amplitude
to supply the loads.
Figure 2.2. Wind energy conversion system.
2.2.1 Modeling of Wind System
The wind generation system is emulated through three phase controlled current
sources. The general block diagram of a wind model as a current source is shown in
Figure 2.3. The current magnitude for each phase can be calculated by dividing one third
of wind power by root mean square (rms) value of voltage magnitude. The voltage phase
can be obtained with the help of phase locked loop (PLL). The instantaneous value of
current can be calculated with the help of magnitude and phase value of current.
A 10 kW wind generation system model is emulated through a three phase
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Figure 2.3. General block diagram of wind model as a current source for phase a.
Figure 2.4. Detail diagram of wind model as a current source for phase a.
controlled current sources. This module contains one controlled current source for each
phase and does not provide any inertia to the system. The reason behind emulation is that
it takes very less simulation time compared to the power electronics based converter
model. The overall configuration of the wind generation model is depicted in figure 2.4.
The emulated module is assumed to be ideal. The inputs to the wind model is the wind
speed. The wind power can be obtained with the help of wind turbine power curve. Wind
turbine power curve provides corresponding wind power at the different wind speed input.
The reference voltage is the AC bus voltage in which sources and load are connected .
Output voltage of the wind generation system should be in the same phase as the reference
voltage. That can be achieved by obtaining phase information of the reference voltage by
using the phase locked loop (PLL) as shown in Figure 2.4. Using value of specific wind
speed and magnitude of rms value of reference voltage, the magnitude of the current to be
injected can be calculated. The magnitude of the current is then multiplied with the sine of
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the phase of the reference voltage from the PLL which gives the per phase current to be
injected into the common AC bus. The current injection is carried out with the help of
controlled current sources. The model is implemented in the MATLAB/Simulink which is
depicted in Figure 2.5. The detail module for one of the phases (phase a) is also shown in
figure 2.6 and same module is duplicated for phase b and phase c.
Figure 2.5. MATLAB/Simulink implementation of wind generation model.
Figure 2.6. Details of single phase current injection block for phase a.
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2.2.2 Validation of Wind Model
The Figure 2.7 below shows a graph that relates how the wind power output from
the wind turbine varies with steady wind speed. This graph is called the power curve of a
wind turbine.
Figure 2.7. Wind power curve.
The power curve actually provides the wind electric power output at different wind
speeds. The wind turbine power curve is emulated through the look up table in
MATLAB/Simulink. The input to the lookup table is the wind speed and the output is the
wind power as shown in figure 2.1. The wind turbine power curve data is taken from the
HOMER microgrid analysis tool for Generic 10 kW wind turbine model.
The measurement of power was calculated by measuring injected current and
voltage. The following Figure 2.8 shows the wind power output at the step change of wind
speed from 10 m/s to 14 m/s. It is found that wind output power at 10 m/s is 7040 Watt
and at 14 m/s is 10000 Watt respectively, which is the same as provided by the wind
14
Table 2.1. Wind power curve data
Wind Speed Wind Power
0 0
3 0
4 190
5 370
6 930
7 1850
8 3330
9 5190
10 7040
11 8520
12 9440
13 9810
14 10000
15 10000
16 9630
17 8890
18 7960
19 7220
20 6850
24 6670
turbine power curve table shown in Figure 2.1. This validates the designed module which
properly emulates the behavior of wind generation system.
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Figure 2.8. Wind power variation with change in wind speed.
2.3 PV Generation System
The solar PV array consists of number of solar cells connected in series and parallel.
Solar cells directly convert light energy into electrical energy using photovoltaic effect.
When incident light falls on the PV cells, mobile charge particles are created and then they
are separated by the device structure to produce electric current. The Boost DC-DC
converter then converts the output voltage from the PV panel into a higher Direct Current
(DC) voltage required for the inverter.The DC voltage is finally converted into alternating
current (AC) voltage by using power electronics inverter. The inverter is normally
connected to the AC bus as a current source that directly feeds to the load connected to
that bus. The general block diagram of PV system is shown in figure 2.9.
The maximum power point tracking (MPPT) control is usually combined with DC
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Figure 2.9. Photovoltaic energy conversion system.
to DC converter in order to produce maximum continuous power from the PV array for
specific meteorological conditions [22]. The power output from a PV panel is related to
output voltage and output current when load is connected across its terminals. The current
generated by photovoltaic module depends on the intensity of solar irradiance.
Figure 2.10. IV curve of a PV module at different irradiance level [23].
Figure 2.10 shows the I-V curve of a typical PV module, which represents the
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output current from the PV module increasing proportionally with the increase in incident
solar irradiance. In ideal conditions, the relationship between current, I, versus the
voltage, V, of PV module is given by following equation [24]:
I = Il− Io(e(
qV
KT )−1) (2.7)
where, IL is the component of the cell current due to photons, Io is the saturation
current, q = 1.6×10(−19)C and K = 1.38×10(−23)J/K and T is the cell temperature
in kelvin.
The operating point of a PV array is determined by the intersection of the Ipv-Vpv
characteristics and the load characteristic under constant irradiance and cell temperature
as shown in Figure 2.11. The maximum power output from the PV panel can only be
achieved if the PV module operates at maximum voltage, Vmp and maximum current, Imp
points. This corresponds to the maximum power point Pmax as shown in Figure 2.11.
Figure 2.11. Power curve of a PV module [25].
Therefore, the maximum power point can be obtained by matching load to the PV
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array characteristics. Hence, MPPT control is generally implemented in DC to DC
converter of PV system with the help of power electronics devices which ensures
maximum utilization of available power from the PV system .
2.3.1 Modeling of PV System
The PV generation system is also emulated though a three phase controlled current
sources. The general block diagram of PV model is shown in Figure 2.12. The PV current
can be calculated by dividing PV power with rms value of reference voltage.
Figure 2.12. General block diagram of PV model as a current source for phase a.
Figure 2.13. Detail diagram of PV model as a current source for phase a.
A 8 kW PV generation system model is emulated through a three phase controlled
current source. This module can be emulated exactly the same way as that of a wind
module as described in the above sub-section. The overall configuration of the PV
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generation model is shown in figure 2.13. The only difference is that PV module takes
different type of inputs. The input to the PV generation system are irradiance values
normalized to (1000 W/m2), the Peak PV size, efficiency of the PV system and the
instantaneous values of reference three phase voltages. In this module, the PV module is
also assumed to be ideal. The current injection is also carried out with the help of
controlled current sources. The model is implemented in the MATLAB/Simulink which is
shown in Figure 2.14. The detail module for one of the phases (phase a) is also presented
in Figure 2.15 and same module is duplicated for phase b and phase c.
Figure 2.14. MATLAB/Simulink implementation of PV generation model.
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Figure 2.15. Details of single phase current injection block for phase a.
2.3.2 Validation of PV Model
The power output of the PV generation system is proportional to the irradiance.
Following Figure 2.16 shows that the output power from the emulated PV system when
the step change of irradiance is made from 600 Watt/m2 to 1000 Watt/m2.
In this case, the maximum PV size is assumed to be 8 kW. The output power from
PV system can be obtained by measuring injected voltage and current. The output power
is found to be proportional with the percentage of irradiance (normalized to 1000
Watt/m2). This proves the designed module exactly emulated the behavior of the PV
system.
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Figure 2.16. PV power variation with change in solar irradiance.
2.4 Integration of Wind and PV system
Frequency fluctuation is not a major problem in grid connected wind and PV
systems because a grid can set up the system voltage and frequency. The grid connected
wind and PV MATLAB/Simulink module is shown in Figure 2.17.
The input to the wind module is variable wind speed, whereas input to the PV
module is variable irradiance. The random input data is assigned to emulate these variable
input parameters. In order to observe the response of renewable sources, 19 kW resistive
load is connected to the system. Figure 2.18 shows the output power obtained from each
source in grid connected mode of microgrid.
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Figure 2.17. MATLAB/Simulink implementation of Wind and PV system in grid connected
mode.
The black and red curves show the output power from the wind and PV module
respectively. As the total generation from the wind and PV is insufficient to supply the
load, the grid must supply additional power to balance generation and consumption. The
output power from the grid is represented by the green curve. The system frequency is
shown in Figure 4.4 which is almost 60 Hz during grid connected mode up to 2.5 sec.
In grid connected mode, the grid plays an important role in balancing the active
power generation and consumption. The grid can supply or absorb amounts of deficient or
surplus power at any time. However,the system frequency highly change if the point of
common coupling (PCC) switch open after 2.5 sec sec as shown in Figure 4.4. The
frequency change is due to the active power imbalance between generated power and
consumed power. Power imbalance is mainly caused by the intermittent nature of
renewable energy sources and load change. Thus, it can be said that frequency fluctuation
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Figure 2.18. Output power from renewable sources and grid.
Figure 2.19. System frequency in grid connected mode.
is a major problem in isolated microgrid. Therefore, there should be some energy storage
system to control the voltage and frequency by providing the continuity of power in any
situation in the isolated microgrid.
2.5 Summary
In this section, modeling of the wind and PV system was completed in
MATLAB/Simulink. The wind and PV systems were emulated through controlled current
sources and then output power from these renewable sources was also validated. The
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simulation result demonstrates the frequency fluctuation is not the major issue in the grid
connected microgrid. As the grid is not available in the isolated microgrid, there must be
some energy storage system which is solely responsible to control active and reactive
power flow in the system. In this system model, a battery can be used as an energy storage
system. The detail control system design for battery control will be presented in Chapter 3.
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CHAPTER 3 MODELLING AND CONTROL OF THREE PHASE VOLTAGE
SOURCE INVERTER
3.1 Introduction
A power electronics device, which can convert DC power into AC power at desired
output voltage and frequency, is called an inverter. The inverters can be operated as
rectifiers (convert AC signal to DC) or inverters (converts DC signals to AC) based on
switching signals to the switches of inverters. Therefore, they are referred to bidirectional
DC-AC converters. Inverters are used for adjustable-speed AC drives, HVDC
transmission lines, UPS (uninterruptible power supply), stand by air-craft power supplies,
induction heating etc. There are two common types of inverters, VSI and current source
inverter (CSI). VSI is fed from a constant DC voltage source having small or negligible
impedance. A CSI is fed with adjustable current from a DC voltage source of high
impedance. In this chapter, the modelling of a three phase VSI will be presented, which
involves the representation of physical inverter system with the help of mathematical
equations or transfer function. The mathematical models of the inverters can be used for
the controllers design for three phase voltage source inverter. The αβ transformation
theory is used to design the controllers for a three phase voltage source inverter.
3.2 Three Phase Voltage Source Inverter
Three phase inverters are generally used for high power applications. Three single
phase half bridge inverters are connected in parallel to form a three phase inverter. The
VSIs is divided into pulse width modulated (PWM) inverters and Square wave inverters.
26
PWM inverters are among the most used power-electronics circuits in practical
application. These inverters are capable of producing AC output voltage of variable
magnitude and variable frequency [26]. PWM inverters are generally used in adjustable
speed ac motor drive applications where one needs to feed the motor with variable voltage
and variable frequency supply. Thus, the aim of a PWM inverter is to generate good
quality sinusoidal voltage waveform of desired fundamental frequency and magnitude.
Generally, low pass filters are provided at the output of the pulse width modulated inverter
to achieve good quality sinusoidal waveforms with low harmonics content. Power
electronics switches like BJTs, IGBTs, MOSFETs and SITs are used to design inverters.
These switches are controlled by PWM signals that can be generated by one of the many
available modulation techniques. Out of these available modulation technique, a
sinusoidal PWM is generally used to generate the switching signal for the inverter. A
triangular carrier signal Vtri with high frequency fswt is compared with a sinusoidal
modulating signal Vcontrol with desired frequency f1 as shown in Figure 3.1.
The comparison between these two signals determines the switching signal. When a
sinusoidal signal has a higher magnitude than triangular wave the switching signal is high,
otherwise it is low. The frequency of sinusoidal modulating signal determines the
frequency of the fundamental component of the inverter output voltage and frequency of
the triangular carrier wave determines the switching frequency of the switching signal
[26]. The sinusoidal modulating signal is used to modulate the switch duty ratio. The ratio
of the magnitude of sinusoidal modulating voltage (Vcontrol) to the magnitude of carrier
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Figure 3.1. Single phase sine wave modulation and output voltage of the inverter with its
fundamental component [27]
voltage (Vtri) is defined as the amplitude modulation ratio, ma, given as
ma =
|Vcontrol|
|Vtri|
(3.1)
The magnitude of the Vtri is generally kept constant, so it can be said that amplitude
modulation ratio can be controlled by controlling the magnitude of the sinusoidal
modulating signal. In same way, the frequency modulation ratio m f is defined as
m f =
fswt
f1
(3.2)
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where fswt is a switching frequency, which establishes the frequency with which inverter
switches are switched and f1 is a desired fundamental frequency. Let us consider a single
phase inverter, which is shown in Figure 3.2.
Figure 3.2. Single phase pulse width modulated inverter.
The operation of the switches S1 and S2 are controlled based on comparison
(Vcontrol) and (Vtri). The output voltage fluctuates between two values +
Vdc
2 and −
Vdc
2
which are described below,
When Vcontrol > Vtri, S1 + is on, VAO = 12 Vdc
When Vcontrol < Vtri, S1 + is on, VAO = −12 Vdc
Since two switches are never off at the same time, the output voltage VAO fluctuates
between two values 12 Vdc and −
1
2 Vdc. The fundamental component of output voltage is
shown by the dashed curve in Figure 3.1 for ma = 0.8 and m f = 15. Then, the peak
magnitude of the fundamental frequency component of the inverter can be calculated as
[26]
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Figure 3.3. The ratio of inverter output voltage to input DC voltage as a function of ampli-
tude modulation ratio.
VAo = ma(
Vdc
2
) (3.3)
Where ma is the amplitude modulation and Vdc is the DC side voltage of the inverter.
A linear relationship exists between amplitude of the fundamental frequency component
of the output voltage and amplitude modulation ratio, ma as shown in Figure 3.3. The
range of ma is from 0 to 1 in the linear range. In order to increase the amplitude of the
fundamental frequency component in the output voltage, ma is increased beyond 1. This
process is called overmodulation [26].
The amplitude of the fundamental component of voltage does not vary linearly with
modulation index ratio during overmodulation. Furthermore, with the sufficiently large
value of ma, the inverter output voltage becomes a square wave instead of pulse width
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modulated waveform [26].
A three phase pulse width modulated inverter consists of three legs in each phase
and each leg includes two power switches as shown in Figure 3.4. Each power switch is
transistor or IGBT with antiparallel diode.
Figure 3.4. Three phase pulse width modulated inverter.
The switching signal is generated by comparing the triangular career voltage with
the three sinusoidal modulating voltages that are 1200 out of phase, as shown in Figure
3.5.
Thus, the balanced three phase voltages is produced in which each phase is
displaced from one another by 1200. The output voltage of each leg of three phase inverter
depends on the amplitude modulation ratio ma and DC voltage Vdc. The peak value of the
fundamental-frequency component of the output voltage for one of the inverter leg with
respect to neutral is given by [26].
VAN = ma(
Vdc
2
) (3.4)
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Figure 3.5. Three phase inverter waveforms.
From equation 3.4, it can be said that the output voltage of the three phase inverter can be
controlled by controlling amplitude modulation ratio.
The output phase voltages VAN and VBN measured with respect to neutral point N is
shown in Figure 3.5. The line to line voltage can be obtained by subtracting VBN from
VAN . The line to line voltage VAB with its fundamental component is shown in Figure 3.5.
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3.3 Three Phase Transformation Theory
Three phase transformations are mathematical transformations employed to
simplify the analysis of three phase circuit. They are often used to decouple variables in
order to facilitate the solution of difficult equations with time varying variables. Moreover,
the complexity of differential equations is often reduced due to change of variables. They
are generally used to design and model the control system for power system application.
Clarke and Park are generally used transformation techniques.
(i) Clarke’s Transformation
Clarke’s transformation is a stationary frame transformation technique which
converts time domain signals (e.g. voltage, current, flux, etc) from three-phase coordinates
(ABC) into two-phase orthogonal stationary coordinates (αβ ). Consider a three phase
rotating vector Us which consists of A, B and C axis components. These three axis
components can be represented in the two αβ coordinates by two components Uα and Uβ
using the Clarke’s transformation as shown in Figure 3.6.
The three phase rotating vector can be represented as,
−→
Us = |
−→
Us|6 θ =
2
3
(ua +ube j
2π
3 +uce− j
2π
3 ) (3.5)
where,
−→
Us =
√
U2α +U2β (3.6)
and
θ = tan−1
Uβ
Uθ
(3.7)
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Figure 3.6. Stationary/Clarke’s transformation representation.
Also, it can be written as,
e± j
2π
3 = cos(
2π
3
)± j sin(2π
3
) (3.8)
Zero sequence component, u0, can also be obtained by following equation
u0 =
1
3
(ua +ub +uc) (3.9)
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From above equations the following relation can be obtained,

uα
uβ
u0
=

1 cos(2π3 ) cos(
−2π
3 )
0 sin(2π3 ) sin(
−2π
3 )
1
2
1
2
1
2

or, in general [
FABC
]
=
[
C
]−1[
Fαβ0
]
The active power, p, and reactive power, q, consumed by certain load or supplied by a
source can be calculated with the help of α and β components of voltage and current
using following equations 3.10 and 3.11 [28].
ActivePower(p) = uα iα +uβ iβ = p̄+ p̃ (3.10)
ReactivePower(q) = uα iβ −uβ iα = q̄+ q̃ (3.11)
where, uα and uβ are the α and β components of voltage, iα and iβ are the α and β
components of current and tilda p and tilda q represent the active and reactive power due
to harmonics and imbalance respectively.
(ii) Park’s Transformation
Park’s transformation is the rotating frame transformation which converters three
phase time varying quantities from three-phase coordinates (ABC) into time invariant
quantities in two phase orthogonal rotating coordinate. Figure 3.7 shows the ABC and dq
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coordinates where dq coordinate rotates along with abc coordinate with synchronous
speed ωs.
Figure 3.7. Rotating/Park’s transformation representation.
A three phase rotating vector Us consists of a, b and c axis components and which
can be represented in dq frame by two components usingUd and Uq using the Park’s
transformation. This transformation uses inverse Clarke‘s transformation and consider as
an extension of Park’s transformation. In Park transformation, first three phase quantities
ABC is transformed to αβ0 quantities using the inverse clarke‘s transformation and then
again αβ0 to dq0 transformation to achieve space vector
−→
Us =Uα + jUβ (3.12)
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which is rotating with synchronous speed ωs. The space vector Us can be represented as
−→
Us =Ud + jUq = (Uα + jUβ ).e
− jωt =
2
3
(ua +ube j
2π
3 +uce− j
2π
3 ).e− jωt (3.13)
The following relation can be obtained from equation 3.13

ud
uq
u0
= f rac12

cos(ωt) cos(ωt− 2π3 ) cos(ωt +
2π
3 )
−sin(ωt) −sin(ωt− 2π3 ) −sin(ωt +
2π
3 )
1
2
1
2
1
2

or, in general [
Fdq0
]
=
[
P
][
FABC
]
where [p] is the Park transformation matrix. The inverse Park’s that is the
transformation from dq coordinate to ABC coordinate is given,
[
FABC
]
=
[
P
]−1[
Fdq0
]
The active power, p, and the reactive power, q, consumed by load or supplied by a
source can be calculated with the help of d and q components of voltage and current using
following equations [29],
ActivePower(p) =
3
2
(udid +uqiq) (3.14)
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ReactivePower(q) =
3
2
(udiq−uqid) (3.15)
where, vd and vq are the voltage components and id and iq are the current
components of the d and q axis respectively. The d-axis component of voltage (ud) will be
equal to the magnitude of the A-axis voltage component (uapeak) while q-axis component
will be equal to zero if the synchronous rotating frame is aligned to rotate with the voltage
Us. Then, the above equations become
ActivePower(p) =
3
2
udid (3.16)
ReactivePower(q) =
3
2
udiq (3.17)
From equations 3.16 and 3.17, it is clear that the decoupled control of active and
reactive power can be achieved by controlling the d-axis and q-axis current components
respectively.
3.4 Droop Control Theory
Figure 3.8 shows the equivalent circuit of an inverter connected to an ac bus. The
complex power flowing between inverter and ac bus can be expressed as,
S = P+ jQ (3.18)
where, P and Q are the active and reactive power, respectively, which are given by
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Figure 3.8. A voltage source inverter connected to an AC bus.
[30]
P = [
EV
Z
cos(φ)− V
2
Z
]cosθ +
EV
Z
sin(φ)sinθ (3.19)
Q = [
EV
Z
cos(φ)− V
2
Z
]sinθ +
EV
Z
sin(φ)cosθ (3.20)
where, E and V are the magnitudes of the inverter output voltage and the common
AC bus voltage respectively, φ is the power angle, and Z and θ are the magnitude and
phase of the output impedance. The two inverters can be connected to a common AC bus
through resistive and inductive output impedances. Now, considering these two different
conditions,
i). Inductive Output Impedance Case : Z = jX
If output impedance is mainly inductive then θ = 900, which can be obtained by
adjusting large value of filter inductor [31]. In this condition, the above equations 3.19 and
3.20 becomes,
P =
EV
X
sinφ (3.21)
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Q =
EV cosφ −V 2
X
(3.22)
Where X is the output reactance of the inverter.
If it is considered that the phase difference between E and V is very small (sinφ ≈ φ
and cosφ ≈ 1 ), it can be seen that the active power (P) is strongly dependent on the power
angle (δ ) while, reactive power (Q) is mainly depend on the magnitude difference of
(E-V) [32]. So, the active power flowing from the voltage source to the AC bus through
highly inductive line impedance, can be controlled by varying the phase difference
between V and E. Similarly, the reactive power supplied by the source can be controlled
by regulating the magnitude of the source voltage. This forms the basis of the well-known
P vs. f and Q vs. V droop control method. According to the droop principle, the active
power flow from the inverter is controlled by regulating frequency change, and reactive
power flow is controlled by regulating difference in voltage magnitude. When the
micro-grid load increases, the active power and reactive power output of the inverter has
to be increased. As a result, the system frequency and voltage level drops due to droop
characteristics . The droop lines for active and reactive power control is described by
equations (3.29 and 3.30). When the load increases above the rated values then the
inverter has to supply more power. The frequency drops to f Hz due to increase in active
power and voltage drops to V due to increase in reactive power as shown in Figure 3.9
ω = ω0 +m(P0−P) (3.23)
V =V0 +n(Q0−Q) (3.24)
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Figure 3.9. Droop lines for active and reactive power.
where ω0 and V0 are rated frequency and voltage set points, P0 and Q0 are rated active and
reactive power set points, ω and V are operating frequency and voltage of inverter and m
and n are the droop coefficients corresponding to active and reactive power, respectively.
The value of m and n can be defined as,
m =
M ω
Pmax
(3.25)
n =
MV
Qmax
(3.26)
where M ω and M V are the maximum frequency and voltage limits allowed and
Pmax and Qmax are the maximum active and reactive power delivered by the inverter,
respectively.
ii). Resistive Output Impedance Case : Z = R
When output impedance is mainly resistive (Z = R and θ = 0), the active and
reactive power from equations 3.19 and 3.20 becomes,
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P =
EV cosφ −V 2
R
(3.27)
P =
EV
R
sinφ (3.28)
If the phase difference between E and V is very small then sinφ ≈ φ and cosφ ≈ 1.
In this condition, the active power can be regulated by the inverter output voltage
magnitude while the reactive power can be controlled by the inverter frequency, which is
opposite strategy of traditional droop control approach. Hence, when the output
impedance is highly resistive, the P/Q droops exchange their role. In this case, the droop
equations becomes,
ω = ω0 +m(Q0−Q) (3.29)
V =V0 +n(P0−P) (3.30)
Thus, P-ω and Q-V droops should be used for inductive output impedance while
P-V and Q-ω droops for resistive output impedance. Therefore, it is necessary to design
the output impedance properly in order to improve decoupling between active and reactive
power and to avoid impact of line impedance on proper power sharing [33]
Let us consider two inverters are connected in parallel and each inverter share load
according to their droop coefficient value. Now, neglecting the losses in the feeders, the
inverter’s droop equations should respect the following equation 3.31 [34],
Sload = Sinv1 +Sinv2 (3.31)
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Where Sload is the power demanded by the load, Sinv1 is the output apparent power
of first inverter and Sinv2 is the output apparent power of second inverter. Now, from above
droop equations 3.19 and 3.20,following expressions can be derived.
Pload =
ωnL1−ωre f 1
mp1
+
ωmL2−ωre f 2
mp2
(3.32)
Qload =
VnL1−Vre f 1
nq1
+
VnL2−Vre f 2
nq2
(3.33)
The inverters connected to the same AC bus have to operate with the same
frequency and voltage drop ( M f and M V) in order to ensure stability and to operate with
the same frequency in steady state. The above equations 3.32 and 3.36 clearly indicate
that the droop slopes is the factor that determine the portion of the power provided by a
inverter for load sharing. Let us consider following example of two parallel inverters with
different ratings and sharing a load.
Pload = Pinv1 +Pinv2 (3.34)
Assume,
Pinv1max = 0.75Ploadmax (3.35)
and
Pinv2max = 0.25Ploadmax (3.36)
where Pinv1max and Pinv2max are the active power ratings of inverter 1 and inverter 2
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respectively, and Ploadmax is the maximum active power demanded by the load. From the
above discussion, it can be said that steady state frequency of the two inverters has to be
same. Thus, from equation 3.25, following relations can be developed,
m1Pinv1 = m2Pinv2 (3.37)
m1 =
m2
3
(3.38)
From equation 3.38 , the droop coefficient of inverter one (m1) has to be three times
smaller than the inverter two (m2) if the active power rating of first inverter is three times
bigger than the active power rating of the second inverter as shown in figure [34],
Figure 3.10. Droop curves for inverter 1 and inverter 2.
The basic operation of droop control block is as shown in Figure 3.11 [35] to
provide voltage magnitude and frequency reference set points according to a drooping
mechanism that emulates the behavior of a conventional synchronous machine.
The droop equations (3.29 and 3.30) are used to generate reference parameters as
shown in Figure 3.9. First, output voltage and current of the inverter are used to compute
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Figure 3.11. Droop controller block diagram.
the instantaneous active power (P) and instantaneous reactive power (Q) using following
equations 3.39 and 3.40 in α β frame ,
Pins =Vα0Iα0 +Vβ0Iβ0 (3.39)
Qins =Vα0Iβ0−Vβ0Iα0 (3.40)
Where Vα0, Vβ0, Iα0 and Iβ0 are the measured output voltages and currents
transferred to α β frame.
Next, average active and reactive power corresponding to the fundamental
component are obtained by means of low pass filters with the help of the following
transfer function,
P =
ωc
s+ωc
Pins (3.41)
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Q =
ωc
s+ωc
Qins (3.42)
where ωc is the filter cut-off frequency.
After that the reference voltage magnitude (Vre f ) and and reference frequency (ωre f )
can be obtained by applying droop equations (3.29 and 3.30). That can be achieved with
the help of calculated average active and reactive power and setting appropriate values of
droop coefficients. Finally, three phase reference voltage signals can be generated from
the reference voltage magnitude and reference frequency from the following mathematical
relationships 3.43, 3.44 and 3.45,
Va =Vre f sin(ωre f t) (3.43)
Va =Vre f sin(ωre f t−
2π
3
) (3.44)
Va =Vre f sin(ωre f t−
2π
3
) (3.45)
The block diagram for reference three phase voltage generation is shown in figure
3.12. where, magnitude of voltage is same for all phases and phase angle is equally spaced
from each other by 1200.
3.5 Design of Three-phase Voltage Source Inverter
The schematic of an inverter-based isolated micro-grid and its control system
diagram are shown in Figure 3.13. The three-phase system is modeled as two independent
single phase systems using abc/αβ coordinate transformation principle.
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Figure 3.12. Reference voltage generation block diagram.
The LC filter is connected to the output of VSI to eliminate the current ripples
caused by switching of the inverter. The control system for VSI consists of inner current,
voltage control loop and external droop control loop. The main purpose of current control
loop is to regulate the output current. This is the loop around the filter inductor and VSI,
which builds a controlled current source. The voltage control loop is around the filter
capacitor and VSI, which behaves like a controlled voltage source. The droop control loop
generates voltage magnitude and frequency reference set points for generation of the
reference three-phase voltage.
(i) LC Filter Design
The simplified LC filter circuit for three phase voltage source inverter is shown in
Figure 3.14. Where Vinv represents the output voltage of the inverter without filter, L and C
are the inductance and capacitance values of the LC filter respectively and R represents
the equivalent resistance at the inverter output when the inverter is operating at full power
[36].
The value of equivalent resistance can be calculated using following formula
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Figure 3.13. Power circuit and control block diagram of VSI with droop control [35].
Figure 3.14. LC filter circuit.
Req =
V 2
P
3
(3.46)
Where, V is the rated voltage and P is the rated power of the inverter. The transfer
function of the LC filter can be derived from circuit diagram by writing KVL equations.
The second order transfer function is obtained as [36]
48
G f ilter(s) =
Vc(s)
Vinv(s)
=
1
LC
s2 + 1CRs+
1
LC
(3.47)
where Vc is the voltage across the capacitor. Now, the general form of a second
order transfer function, Gsecond order(s), using
Gsecond order(s) =
ωn
2
s2 +2ζ ωn +ωn2
(3.48)
Where, ωn is the natural frequency, ζ is the damping ratio of the second order
system.
The value of capacitance (C), inductance (L) of the LC filter can be calculated by
comparing equation (3.47) and (3.50),
C =
1
2ζ ωnR
(3.49)
L =
1
ωn2C
(3.50)
The natural frequency ωn is taken to be 1.4 kHz (= 8796.45 rad/s) for inductance
and capacitance calculation. The natural frequency is chosen to be one decade below the
switching frequency of the inverter that ensures adequate attenuation to high frequency
noises produced at the inverter output. Similarly, the value of damping ratio (ζ ) is selected
to be 0.707, which provides an acceptable trade off between the system overshoot and
speed response of the designed filter system [37].
(ii) Current Control Loop Design
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The block diagram of the current control loop is shown in figure, where Kip is the
proportional gain, KPWM is the PWM gain of the inverter and L is a filter inductor.
Figure 3.15. Inner current control loop.
The closed loop transfer function of inner current control loop shown in figure 3.15
can be derived as [35],
Ti(s) =
Iαβ (s)
I∗
αβ
(s)
=
KipKPWM
sL+ kipKPWM
(3.51)
In order to ensure stability of the closed loop, the pole of Ti (s) must lie on left hand
side of the s-plane. That means the value of Kip KPWM must be greater than 1 for stability
criteria for Ti (s). The bandwidth of the current control loop must be higher than the
voltage control loop, in order to achieve faster dynamic response. The bandwidth of the
inverter is chosen to be one-fifth (4 kHz) of the inverter switching frequency (20 kHz).The
value of Kpwm is obtained by taking the ratio of peak phase voltage to the average
modulation index. Whereas, value of kip is calculated by equating the magnitude of closed
loop transfer function of the current control loop at 4 kHz with gain of -3 dB.
The average value of PWM gain can be obtained by using following formula
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Averagevalueo f KPWM =
PhasePeak
Averagemodulationindex
(3.52)
KPWM =
120×
√
2
0.8
= 212.13 (3.53)
Now,
20log10|
KipKPWM
Ls+KipKPWM
|=−3 (3.54)
Substituting values of KPWM, L= 2.32e-4 H and s=j ω = j(2 π × 4000)
20log10|
212.13Kip
2×π×4000×2.32e−4s+212.13Kip
|=−3 (3.55)
solving, Kip = 0.02785
Hence, closed loop transfer function of inner current control loop is found to be
Ti(s) =
Iαβ
I∗αβ
=
5.83
2.32e−4s+5.83
(3.56)
The frequency response of the current control loop is shown in figure
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Figure 3.16. Frequency response of inner current control loop.
(iii) Voltage Control Loop Design
The block diagram of the outer voltage control loop is depicted in figure 3.17.
Figure 3.17. Outer voltage control loop.
Where, kp is the proportional gain, ki is the integral gain of the Proportional
Resonant (PR) controller, Ti(s) is the transfer function of current control loop, ω0 is the
system frequency and c is the filter capacitor.
The closed loop transfer function of outer voltage loop is obtained by using
following formulae,
52
TV (s) =
G(s)
1+G(s)H(s)
(3.57)
where G(s) is the open loop transfer function. G(s) of voltage control loop of figure
3.17
G(s) =
KipKpwm(s2kp + ski + kpω20 )
(s2 +ω20 )(sL+ kipKpwm)sC
(3.58)
and H(s) = 1
In this case, the bandwidth of outer voltage control loop must be smaller than the
current control loop. Hence, the bandwidth of voltage control loop is chosen to be 648 Hz,
which is approximately one eighth of the current control loop. Therefore, closed loop
transfer function of outer voltage loop is found to be [35],
Tv(s) =
(KipKpwm)(s2kp + ski + kpω20 )
s4LC+ s3KipCKpwm + s2D2 + sD1 +D0
(3.59)
where,
D2 = kpkipKpwm +LCω20
D1 = kipKpwm(Cω20 + ki)
D0 = kpkipKpwmω20
The values of kp and ki can be obtained by plotting the root locus for the open loop
transfer function G(s) of the voltage controller.
Assume the ratio of ki and kp is 1250. Substituting values of Kip, KPWM,ω0, L, C
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and ki, the open loop transfer function becomes
G(s) =
5.83(s2kp +1250skp +14122.3kp)
12.9e−9s4 +3.25e−4s3 +1.838e−3s2 +32.97s
(3.60)
The value of kp is obtained by plotting root locus. The root locus of equation 3.60 is
given in Figure 3.18.
Figure 3.18. Root locus plot.
From the root locus plot, the gain at the value of ζ =0.707 is found to be 0.143.
Thus, the value of ki and kp are obtained as 0.143 and 178.75 respectively.
Then, the closed loop transfer function of the outer voltage control loop is obtained
as,
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Tv(s) =
0.833s2 +1042.11s+118485.94
1.2934e−8s4 +3.25e−4s3 +0.83556s2 +1088.3s+118485.94
(3.61)
The Routh-Hurwitz (RH) criterion is applied to examine the stability of the voltage
control loop. The characteristic equation 1+ G(s) H(s) provides the pole of closed loop
transfer function and can be written as,
1.2934e−8s4 +3.25e−4s3 +0.83556s2 +1088.3s+118485.94 (3.62)
Now, applying RH criterion,
s4 1.2934e−8 0.83556s2 118485.94
s3 3.25e−4s3 1088.3
s2 0.7922 118485.94
s1 1039.69
s0 118485.94
From above analysis it is found that the number of sign change is zero therefore, the
number of pole on right hand side of s-plane is zero. Thus, this closed loop system is said
to be stable.
(iv) Droop control loop design
In our model, it is assumed that the maximum active power delivered by the VSI is
assumed to be 30 kW and maximum reactive power is assumed to be 30 kVAR. The
maximum permissible frequency change and voltage magnitude change is also assumed to
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be 2% and 5% respectively. Therefore, 2% change in frequency per 30 kW active power is
set as a frequency droop whereas 5% change in voltage magnitude per 30 kVAR reactive
power is set as a voltage droop, shown in equations 3.64 and 3.64,
m =
∆ω
∆P
=
2×π×60×0.02
30000
= 2.51×10−4 (3.63)
n =
∆V
∆Q
=
2×π×60×0.05
30000
= 6.28×10−4 (3.64)
where m and n are frequency and voltage droop coefficient respectively.
From the droop controller block diagram shown in Figure 3.64, the average active
and reactive power can be obtained with the help of low pass filter from equations 3.65
and 3.65.
P =
ωc
s+ωc
p (3.65)
Q =
ωc
s+ωc
q (3.66)
For design of low pass filter, the cut off frequency is chosen to be 70 Hz. Now, the
transfer function of low pass filter become 2×π×70s+2×π×70 . The frequency response of the
designed low pass filter is shown in figure 3.19.
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Figure 3.19. Frequency response for low pass filter.
3.6 Validation of Designed Control System with RL Load
The designed control system is tested with the RL load. The block diagram of the
test system is shown in Figure 3.20 where voltage source inverter is connected with the
RL load along with control diagram.
Figure 3.20. Control block diagram with RL load.
The design of voltage controller, current controller and droop control is already
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Figure 3.21. Vαβ tracking waveforms.
described in a previous subsection. For testing purposes, (3000+j600)VA load is
connected for 2 seconds. After that the load is increased to (400+j1200)VA and then again
load is decreased back to (3000+j600)VA. In this case, the droop control loop is used to
generate reference voltage.
Figure 3.21 shows the actual α- axis and β - axis voltages track perfectly with the
reference α- axis and β - axis voltages. The similar current tracking signals is shown in
Figure 3.22. The change in current magnitude is due to the load change from 3000 watt to
4000 watt at t= 2 sec. The inverter has to supply the required amount of active and reactive
power demanded by the load. As the load change is made at time t= 2 sec and t= 4 sec, the
controlled output active and reactive power from the inverter should be the same as
demanded by the load as shown in Figure 3.23. The active power output from the inverter
is represented by the red line and reactive power output from the inverter is represented by
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Figure 3.22. Iαβ tracking waveforms.
Figure 3.23. Controlled active and reactive power from the inverter.
the blue line respectively. This validates the performance of designed control system for
voltage source inverter which is able to control active and reactive power to the load.
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3.7 Summary
In this section, the detail design and analysis of voltage source inverter was
presented. The inner current control loop, outer voltage control loop and droop control
loop were designed in MATLAB/Simulink. The droop control loop is to produce three
phase reference voltage for the outer voltage control loop. The performance of the
designed control system was finally tested with RL load. The control system for voltage
source inverter is able to control output active and reactive power from the inverter. Thus,
designed voltage source inverter can be used as master unit which is responsible to set up
voltage and frequency of common AC bus in an isolated microgrid. The detail system
model of an isolated microgrid and its frequency control will be presented in Chapter 5.
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CHAPTER 4 SYSTEM MODEL WITH RENEWABLE ENERGY SOURCES
4.1 Introduction
This chapter provides an overview of wind and solar PV based isolated microgrid.
Each components of the microgrid system is described already in previous chapters
including wind generation, solar PV generation and battery with VSI. All the components
described and validated in the previous chapter will be connected in a common AC bus to
form an isolated microgrid. As the renewable energy sources more likely operate under an
algorithm of MPPT, they can be modeled as current sources and operated on current
control mode (CCM). Meanwhile, a battery system with inverter operate in voltage control
mode (VCM)which is responsible for regulating the voltage and frequency of an AC bus.
4.2 Frequency Control Approach
Frequency control in the isolated microgrid is necessary to maintain the adequate
balance between generated and consumed active power. The power demand as well as
renewable power generation constantly change with time in isolated microgrid. Therefore,
frequency fluctuation is a major issue which needs to remain within acceptable limits for
stable operation of the microgrid. In wind and PV based isolated microgrid, it is necessary
to have an energy storage system to guarantee continuous supply of power. The role of
energy storage systems is to balance the power generation and power consumption. In this
case, the battery system acts as a master unit inside which the reference sinusoidal wave is
generated. The generated reference wave imitates the AC common bus magnitude and
phase angle of the microgrid where each elements are connected.
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4.3 System Model with Single Battery
Figure 4.1. System model with renewable energy sources.
The system block diagram of an AC-isolated microgrid model is depicted in Figure
4.1, which consists of wind and solar PV generation systems along with inverter
interfaced battery. The wind and solar PV generation systems with power electronics
converter is emulated through the three phase controlled current sources. Each renewable
source is connected to the AC common bus through the converters. The battery is also
connected to the AC bus through the three phase voltage source inverter. In this system
model, the inverter interfaced battery acts as a voltage source that controls the common
AC bus voltage. Therefore, the battery with inverter system sets up the voltage and
frequency of the microgrid system. The battery is charged when total renewable
generation is higher than load demand whereas battery is discharged when total renewable
generation is less than load demand. Several case studies have been conducted to observe
the frequency control approach in isolated microgrid system. They are described in detail
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in the following subsections:
4.3.1 Case I: Constant Renewable Power Generation
In this case study, the input parameters (wind speed for wind system and solar
irradiance for solar PV system) of renewable sources are set to be constant. So, both
renewable sources produce their rated output power. In this study, total power generation
from wind and solar PV is 18 kW throughout the simulation time. The load is step
changed at t= 2 sec and t= 4 sec, which is shown in Figure 4.2.
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Figure 4.2. Rated constant output power from renewable sources and corresponding battery
output.
Since the renewable energy sources add up to give 18 kW power in total, the
remaining deficiency in power up to 2 sec is supplied by battery which is 1 kW. Similarly,
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for the increase in load to 22 kW for the next two seconds, the 4 kW of deficient power is
again supplied by the battery. Next, the load is again reduced to the original value, so the
battery has reduced its output power to 1 kW. The whole process of power sharing from a
battery is shown in Figure 4.2 and controlled current supplied from an inverter system is
shown in Figure.4.3.
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Figure 4.3. Controlled current output from VSI in constant renewable power generation.
The droop control mechanism sets the frequency to 59.94 Hz at a load of 19 kW and
59.76 Hz at load of 22 kW, respectively, as shown in Figure 4.4.
The new micro-grid system frequency update is based on the droop principle
described in the previous section. In this case, 0.18 Hz of system frequency drop occurred
due to 4 kW increase in load. This result validates the designed control mechanism for the
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Figure 4.4. System frequency in constant power generation.
system model follows the droop characteristics with the step change in load. The small
change in load does not have significant impact in the micro-grid system frequency.
4.3.2 Case II: Variable Renewable Power Generation
In this case study, the input parameters for renewable energy sources are changing
with time. Variable wind speed can be simulated by randomly generated data and
respective wind power can be obtained by wind turbine power curve. Generic 10 kW wind
turbine power curve is taken for this case study. The base wind speed for selected wind
power curve is 14 m/s. Similarly, percentage of variable irradiance data normalized to
1000W/m2 are assigned to the input of PV to get variable power output.
As the input parameters for renewable sources are changing with time, battery
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Figure 4.5. Variable power from renewable sources and corresponding battery output.
output power must supply variable power to compensate the insufficient amount of power
provided by wind and solar PV to the step change of load. The output power generations
from the renewable energy sources and the corresponding battery output power are shown
in Figure 4.5. As the battery supplies variable power output to balance generation and
consumption, the controlled current from the VSI is also variable, which is shown in
Figure 4.6. The droop control updates the new system frequency according to the step
change of load and change in renewable power generations. As the renewable power
generation is highly variable, the micro-grid frequency sets up in different variable value
that can be shown in Figure 4.7. The frequency setup can be achieved within the normal
range of operation.
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Figure 4.6. Controlled current output from VSI in variable renewable power generation.
The maximum frequency change occurs when total generation from wind and solar
PV system is only 9.6 kW and the load demand is 22 kW during t=2.314 s. During this
period, the droop controller sets up the system frequency to 59.2 Hz. The percentage
change of frequency at this instant is 1.33%, which can be considered a desirable limit for
remote micro-grid operation. This case study further validates the importance of designed
control systems with the variable renewable power generation and small change in load.
The battery system has to supply variable controlled output power to smooth out the
variable output power from the renewable energy sources. However, the frequency
fluctuation in the system can be maintained within normal range of operation by selecting
appropriate droop coefficients that does not allow frequency goes beyond acceptable range
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Figure 4.7. Controlled current output from VSI in variable renewable power generation.
of operation. The battery capacity should be adequate enough to ensure continuous power
supply of power even in the worst condition when total renewable generation is very low
in certain weather condition.
The above two case studies are performed based on the droop mode of the battery.
The isochronous mode of the battery can be obtained by setting droop coefficient values to
zero. In the isochronous mode, the frequency remains constant at 60 Hz although load
change occurs in the system. The single battery is usually operated in isochronous mode
in an isolated microgrid. Droop is assigned in the battery controller if there are more than
one batteries in the system in order to share the load according to their rating.
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4.4 System Model with Batteries in Each Renewable Generation
In this system model, each battery is associated with each renewable generation as
shown in Figure 4.8. Each configuration (PV+ESS or WTG+ESS) is connected to a
common AC bus. The different droop coefficients are assigned to the different batteries in
order to share the load differently. In this case, one battery is connected with PV
generation and another is connected with wind generation.
Figure 4.8. System model based on distributed (PV+ESS) and (WTG+EES) generation.
The maximum power from the first inverter and second inverter are assumed to be
7000 Watt and 15000 Watt respectively to maintain the power balance in isolated
microgrid. The maximum connected load is set to 22000 Watt for the study purpose.
Therefore, the frequency droop coefficient for the first and second inverter are calculated
in equations 4.1 and 4.2.
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The frequency droop coefficient for inverter one
m1 =
∆ω
∆P
=
2×π×60×0.02
7000
= 1.077×10−3 (4.1)
m2 =
∆ω
∆P
=
2×π×60×0.02
15000
= 5.026×10−4 (4.2)
The values of droop coefficient calculated above are assigned to the two different
voltage source inverter’s controller. For this study, 19 kW load is connected up to 1 sec
and then load is increased to 22 kW. The output power from the renewable energy sources
is made constant. The wind speed is set to be 14 m/s so that the output power from the
wind is 10000 Watt. Similarly, the output power from PV is made 8000 W by assigning
1000 W/m2 irradiance value. Therefore, available total renewable generation in this case
is 18000 Watt. The total power output and the output power from the renewable
generation is shown in Figure 4.9.
Figure 4.9. Total load and constant output power from renewable sources.
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Some losses occur in the branches of the system model. The deficient 1040 Watt
including loss is shared by two batteries during 0 to 1 sec period when load is 19 kW.
Similarly, 4045 Watt including loss is shared during 1 to 2 sec period when load is 22 kW.
The load sharing by two batteries is shown in Figure 4.10 and corresponding controlled
current output is also shown in Figure 4.11.
Figure 4.10. Active power shared by two loads.
where, the load shared by battery with PV generation is 330 watt and battery with
wind generation is 710 watt during 19 kW load period. Similarly, for 22 kW load, 1280
watt is shared by battery with PV generation and 2765 watt is shared by another battery
with wind generation. The power sharing ratio is found to be 0.464 when load is 19 kW
and 0.463 when load is 22 kW, which is very close to the inverse of frequency droop
coefficient ratio of two inverters.
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Figure 4.11. Output current from two different inverters.
Figure 4.12. System frequency during load sharing condition.
Thus, the load shared by inverters is found to be in accordance with their droop
coefficients. The system frequency during load sharing condition is shown in Figure 4.12,
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where system frequency is found to be 59.942 Hz during 19 kW load and 59.786 Hz
during 22 kW load.
4.5 Summary
In this section, an isolated microgrid system model was designed connecting
renewable energy sources and a battery system to a common AC bus. The detailed
analysis of the frequency control was performed conducting various case studies. The load
sharing between two inverters was also presented to observe power shared by different
inverters. The microgrid frequency was maintained within acceptable range for stable
operation of wind and PV based isolated microgrid.
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CHAPTER 5 CONCLUSIONS AND FUTURE WORKS
5.1 Conclusions
In this work, the frequency control of an isolated hybrid wind and solar PV
micro-grid was investigated. The wind and solar PV modules in microgrid were emulated
through the three phase control current sources. Therefore, these sources could not be able
to set up the microgrid voltage and frequency. The voltage source inverter was designed
and it was responsible to set up the microgrid voltage and frequency. The design of the
renewable sources and voltage source inverter was also validated. As the reference
parameters for the inverter controller is generated from traditional droop control method,
the system frequency set-point change according to the load change and change in
renewable power generations. However, the frequency can be maintained within the
normal range of operation by setting the appropriate droop value. The effect of setting
droop values was not analysed in the designed system model. Two case studies were
conducted based on constant and variable renewable power generation to observe the
battery controller response and corresponding system frequency change due to droop
characteristics. Another case study was also conducted for load sharing of two different
inverters. This case study demonstrates the load sharing of two different inverters and the
system frequency control during that condition. The simulation result in all cases validates
the importance of the frequency control in the isolated micro-grid.
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5.2 Future Works
In this work, power delivered or absorbed by the battery is only based on the
frequency change without battery state of charge. The charging and discharging of the
battery should also be based on the energy available in the battery. Therefore, the first
future work would be the load sharing between inverters considering the factors like
battery state of charge, renewable generation and load profile. In this condition, the droop
coefficients can be updated considering all these factors. The batteries connected with
each renewable generation systems would share the load according to the updated droop
coefficients. Next, future work would be the improvement of the transient stability of the
system. Therefore, control system is needed to reduce the high initial rate of change of
frequency and keep the the isolated microgrid system stable. Another, future work would
be the coordination and control of multiple isolated microgrids. Hierarchical control
strategy could be developed for coordination and control of multiple microgrids.
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[35] M. Farrokhabadi, C. A. Cãnizares, and K. Bhattacharya, “Evaluation of
droop-based controls in an islanded microgrid with electronically interfaced
distributed energy resources,” in PowerTech, 2015 IEEE Eindhoven, IEEE, 2015,
pp. 1–6.
[36] U. Tamrakar, D. Galipeau, R. Tonkoski, and I. Tamrakar, “Improving transient
stability of photovoltaic-hydro microgrids using virtual synchronous machines,” in
PowerTech, 2015 IEEE Eindhoven, IEEE, 2015, pp. 1–6.
[37] R. C. Dorf and R. H. Bishop, Modern control systems, 3rd ed. London:
Addison-Wesley, 1998.
